Abstract-This paper presents the design and implementation of an Active Integrated Antenna (AIA) using a Voltage Controlled Oscillator (VCO) for applications in the Industrial Scientific Medical band (2.4 ÷ 2.4835 GHz). Surface Mounting Device (SMD) technology has been applied in the realization of the passive and active components, and low cost FR-4 dielectric slabs have been employed for the integration of the antenna and the active/transmissive circuits, residing, respectively, on the opposite faces of a Personal Computer Memory Card International Association (PCMCIA) card. The proposed layout makes use of a properly corrugated ground plane, i.e., a High Impedance Ground Plane (HIGP), to improve the antenna performances and to minimize the coupling between the radiating component and other possible radiating elements and/or electronic circuits residing nearby. The analysis and the design of the radiating element with the HIGP are based on a rigorous full wave Method of Moment (MoM) formulation developed in the Spectral Domain (SD), while the design of the active circuitry is developed through the commercial tool AWR Microwave Office. The final design of the component is obtained hybridizing the 254 Bilotti, Urbani, and Vegni two methods and applying a Genetic Algorithm (GA) optimization tool in order to take advantage of the HIGP, while keeping the geometrical dimensions of the antenna suitable for mounting on a PCMCIA card, and maintaining the antenna performances acceptable. The measured results show the performances of the VCO, an antenna gain of 19.4 dBi and an increased front-to-back radiation ratio compared to the one of the same antenna mounted on a standard Perfect Electric Ground Plane (PEGP). This result, thus, demonstrates the minimization of the interferences between the designed antenna and other possible radiating and transmissive devices residing nearby.
two methods and applying a Genetic Algorithm (GA) optimization tool in order to take advantage of the HIGP, while keeping the geometrical dimensions of the antenna suitable for mounting on a PCMCIA card, and maintaining the antenna performances acceptable. The measured results show the performances of the VCO, an antenna gain of 19.4 dBi and an increased front-to-back radiation ratio compared to the one of the same antenna mounted on a standard Perfect Electric Ground Plane (PEGP). This result, thus, demonstrates the minimization of the interferences between the designed antenna and other possible radiating and transmissive devices residing nearby.
INTRODUCTION
Integrated Antennas and Active Integrated Antennas (AIAs) are widely used in the area of wireless communications, both for civilian and military purposes. The success of such devices is mainly due to their low cost, low profile, good compatibility with integrated circuits, great conformability on curved surfaces and reduced space occupancy (see [1] [2] [3] [4] [5] [6] and references therein). In particular, AIAs are devices in which a passive antenna element and an active circuitry are integrated together on the same substrate [1] . The integration of active solid state devices like oscillators, amplifiers, and mixers grants greater compactness, lower costs and higher power efficiencies with respect to conventional passive layouts [1] .
The design of such components may involve several aspects related to different areas of microwave and millimeter-wave engineering, among which fabrication technology and material characterization. In addition, the design is complicated by some non-trivial issues arising when considering the combination of active elements with Radio Frequency (RF) circuits and radiating components. For instance, active components may affect the behavior of passive structures, so that a trade off is often necessary between the radiating and the guiding structure performances [2, 5, 6] of AIAs. Moreover, another issue to be addressed in the design of AIAs is the undesired radiation due to the active devices, which should be eliminated without affecting the other features of the component. Finally, active devices always present undesired higher-order harmonics, which should be suppressed through properly designed filtering circuits [7] [8] [9] .
All these aspects are addressed in the design proposed in the following. The antenna has been intended to work in the Industrial Scientific Medical (ISM) band (2.4 ÷ 2.4835 GHz) and makes use of a Voltage Controlled Oscillator (VCO). Surface Mounting Device (SMD) technology has been used for the realization of passive and active components and the overall structure has been integrated in a low cost FR-4 dielectric slab. The final layout consists of a bi-level structure, in which the radiating element is positioned on the opposite face with respect to the active circuit and the total dimensions fit in a Personal Computer Memory Card International Association (PCMCIA) card. Since the two different levels of the structure are separated by a copper ground plane, the designs of the active/passive circuitry and of the antenna module are almost independent from each other. In addition, the presence of the ground plane effectively reduces the interference caused by the active circuitry on the passive radiating element (and vice versa).
Antennas working in the ISM band should not interfere with other possible radiating elements working in the same band and mounted on the same chassis (e.g., a Wi-Fi antenna and a Bluetooth antenna mounted on the same laptop). In order to reduce such mutual interactions, a properly designed set of periodic corrugations has been added into the antenna module. Such corrugations, which create a High Impedance Ground Plane (HIGP) [10, 11] , allow minimizing the surface wave contribution, which is responsible for undesired coupling effects and lowers the radiation efficiency of the antenna. In addition, such periodic structures behave as magnetic conductors in certain frequency ranges and, thus, are found to be effective as reflectors to improve the radiation features of horizontal antennas [10, 11] .
It has been recently shown that the design of a radiating element backed by an HIGP cannot be studied independently from the design of the HIGP itself [12] , due to the strong mutual interactions between the electrical image of the antenna with respect to the ground plane and the antenna itself. Therefore, a proper optimization technique, based on the Genetic Algorithms (GAs) [13] , has been employed to optimize the overall antenna module (radiating element + HIGP). The analysis tool is based on the Spectral Domain (SD) full-wave analysis [14] together with a Method of Moment (MoM) numerical technique [15] . For what concerns the passive and active circuitries, instead, they have been designed through AWR Microwave Office, which is a commercial tool employing harmonic balance techniques for the analysis and synthesis of RF non linear circuits.
The structure of the paper is as follows: in Section 2 an overview of the proposed AIA design is given in terms of an overall comprehensive block diagram. Section 3 treats the synthesis of the active and passive circuitry residing on the back layer of the card and the corresponding measured results. In Section 4 the design of the antenna and of the HIGP residing in the top level of the structure is presented together with some numerical and experimental results showing the main features of the proposed antenna.
OVERVIEW OF THE PROPOSED AIA
The equivalent block diagram of the AIA designed in the paper is shown in Fig. 1 . The antenna is located in the most right part of the diagram and is fed by a RF signal coming through some buffer and matching network stages. The local oscillator is designed to work in the S band (2 ÷ 4 GHz) and the mixer converts an Intermediate Frequency (IF) signal into the RF stream feeding the antenna input. The working frequency of the local oscillator is set to f LO = 2.33 GHz, while the IF frequency is set to f IF = 110 MHz, so that the corresponding RF signal has a beat at f RF = f LO + f IF = 2.44 GHz, with a conversion loss of 6 dB.
Some buffer stages and matching networks have been also added for the proper operation of the device.
In the following sections we will present the details of the design of these elements.
DESIGN OF THE ACTIVE AND PASSIVE CIRCUITRY

Circuit Description
The implementation of the oscillator module is depicted in Fig. 2 . The tank circuit in the middle is a common band-pass filter that determines the oscillation frequency. It has been realized using a varactor, whose capacitance is controlled by the external DC voltage indicated in Fig. 1 frequency. In order to assure the DC voltage transfer to control the varactor capacitance and the isolation of the V ctrl power supply from RF signals, a proper choke circuit using a series inductor and two shunt capacitances has been added before the tank circuit. Finally, the generator block is formed by a high frequency Bipolar Junction Transistor (BJT) in the emitter follower configuration connected to a second choke circuit capable of shorting out the RF signals from the BJT collector. The inductor L 4 prevents the RF signals from flowing to the ground through the DC network.
The mixer module is a MMIC Double-Balanced Mixer commonly used for RF communications (U2795B), which exhibits good performances in terms of attenuation, conversion gain, linearity, Third Order Intercept Point (OIP3), Third Order Input Intercept Point (IIP3), isolation, etc., and last but not least the cost factor.
The buffer module consists of a RF amplifier with proper matching cells and a choke circuit for the bias, as shown in Fig. 3 .
The RF amplifier has a twofold function as stage of separation: it reduces the antenna load effect on the mixer oscillator and it increases the radiated power. The input matching network is realized simply through a by-pass capacitance, while the output matching network is realized using a resistive PAD, whose element values are adjusted at the end of the design process. This allows, during the calibration phase, both optimizing the device performances and compensating any undesired effect resulting from tool tolerances, material imperfections, packaging, and modeling accuracy. Finally, in order to suppress the undesired higher-order harmonics coming from the active devices, the non uniform transmission line transition already designed by the authors and reported in [16] has been connected between the last matching network and the antenna. For the details on the design of this tapered matching line we remand to [16] .
VCO Measured Results
The key point in the design of the active circuitry presented in the previous sub-section is represented by the design of the VCO. The method of the Negative Differential Resistance (NDR) [17, 18] has been applied for designing the oscillator module and its actual operation has been tested through the measurements made on a realized prototype of the antenna. In Fig. 4 the comparison between measured and simulated VCO oscillation frequencies is plotted as a function of V ctrl . The measured power levels in dBm have been also added in the graphs. The phase noise of the oscillator has been also measured and the result is reported in Fig. 5 . The obtained values of the phase noise (−90 dBc/Hz at 10 kHz and −110 dBc/Hz at 100 kHz) are pretty acceptable for the proposed application.
DESIGN OF THE ANTENNA MODULE
Proposed Antenna Layout
The radiating element is a patch antenna working at the central operating frequency f RF = 2.44 GHz of the ISM band. In order to reduce the surface wave radiation of the antenna, which is a relevant point to decrease the electromagnetic influence on the other microwave circuits located nearby, a two-layer HIGP [10] made of a double grid of squared metallic mushrooms disposed in a periodical pattern has been designed.
Patch antenna
Circuit substrate
Passive and active circuitry Figure 6 . Geometry of the physical structure implementing the AIA block diagram of Fig. 1 (the thicknesses of the layers are not in scale).
The physical structure which implements the block diagram of Fig. 1 is reported in Fig. 6 . It consists of four layers: the bottom layer is a FR-4 dielectric slab hosting the passive and active circuitry; the two layers in the middle are the two FR-4 dielectric slabs corresponding to the HIGP; the top layer is made by air and represents the antenna substrate. The bottom layer is separated from the three antenna layers above (HIGP + radiating element) by a metallic ground plane, while the radiating element is fed by the inner conductor of a coaxial probe. The coaxial pin is directly soldered to the end of the tapered microstrip line acting as the harmonic suppresser (see previous section and [16] ) and there is no need of a proper transition, due to the small thickness of the substrate where the active circuit resides (h = 1 mm).
The analysis of the radiating element may be performed through different approximate and rigorous methods [19] . We have assumed the metallizations as infinitely thin and perfectly conducting, and we have applied the rigorous analysis method based on the Electric Field Integral Equation (EFIE). Imposing the boundary condition for the electric field on the metallic surfaces, the EFIE is obtained as follows:
is the incident field produced by the impressed source (i.e., the coaxial probe), S met is the surface of the metallizations (HIGP + patch), r is the source vector, r met is the vector describing the points on all the metallic surfaces, G(r|r ) is the spatial domain dyadic Green's function of the grounded slab (without metallizations), J (r ) is the induced current density on the patch, andẑ is the unit vector of the vertical axis.
Equation (1) is an integral equation in the unknown vectorial function J (r ). The solution of this equation is performed here in the SD, where the Green's dyad of the isotropic grounded slab may be expressed in closed form [20] , and is demanded to a Method of Moments (MoM) numerical tool [21] [22] [23] , employing regular roof-top basis functions [22] . Due to the small metallizations of the HIGP, the number of unknowns rapidly increases with the extension of the HIGP itself, and, thus, an acceleration technique is needed. The authors have recently extended the formulation in [22] for the semianalytical evaluation of the entries of the MoM impedance matrix also to the entries of the excitation vector [23] . This formulation is based on the asymptotic Green's function of the grounded slab and allows an increasing computational time saving as the number of unknowns increases [23] .
The shorting posts connecting the metallizations and the metallic plate of the HIGP, have been modeled and added in the MoM matrix through the formulation reported in [21] (and references therein). The mutual interactions between both the shorting pins and the patches of the mushroom structure, thus, are fully taken into account in the MoM numerical solution.
Since the behavior of an integrated antenna above an HIGP is affected by the mutual interactions between the radiating element and the metallic corrugations of the ground plane, it is not practical to design the antenna and the HIGP as two separate units [12] .
As a matter of fact, in order to achieve the desired electrical and radiating features, the final antenna element should result from an optimization procedure, applied contemporarily to the design of both the radiating element and the two-layer HIGP. The starting iteration stage of this procedure is given by the set of the geometrical parameters obtained when the radiating element (with a PEGP) and the two-layer HIGP are designed independently in order to work in the required frequency band. Then, a classic GA [13] is used to adjust the geometrical parameters so that the antenna matches the desired requirements.
Design of the Radiating Element for the Iteration Starting Procedure
The reference radiating element to be used in the first step of the GA optimization has been obtained from the design proposed in [24] for GSM terminals, changing the dimensions of both the ground plane and the patch to assure that the antenna operates properly in the desired IMS frequency band (see Fig. 7 ).
This antenna has a finite electric ground plane with the typical dimensions of a PCMCIA card. Due to the finite size of the ground plane, the EFIE (1) applies both to the radiating element and to the ground plane, leading to a final number of 614 unknowns † .
The matching features, the antenna gain as a function of frequency, and the radiation pattern at the central operating frequency f RF = 2.44 GHz, reported in Fig. 7b-7e show the effectiveness of the designed radiating element to work in the ISM band. Anyway, the back-radiation of the antenna is still not satisfying (see Fig. 7d ) because of the surface wave radiation, which is also responsible of some of the undesired coupling with other components in close proximity.
It is worth noting that the results in Fig. 7b-7e have been obtained without considering the effects of the active circuit, since it is separated from the radiating element by the ground plane. Therefore, the antenna gain reported in Fig. 7c refers only to the antenna element by itself.
Design of the HIGP for the Starting Iteration Stage
The geometry of the unit cell of the periodic two-layer HIGP designed to work in the band 2.4 ÷ 2.4835 GHz is reported in Fig. 8 .
Following [10] , a lossless bi-layer HIGP can be in first approximation represented through its reactive surface impedance, which is given by:
where ω is the angular frequency and L and C are the equivalent capacitance and inductance, respectively, associated to the periodic structure. At the resonant frequency behaves like a perfect magnetic conductor and does not support surface wave propagation. Far from the resonant frequency, instead, it resembles a PEGP (Z s (ω) ∼ = 0). Moreover, around the resonance frequency the behavior of the HIGP is that of a reactive surface (inductive below the resonance and capacitive beyond the resonance). The equivalent parameters L and C depend on the geometrical dimensions of the unit cell in Fig. 8 and on the constitutive parameters of the dielectric bi-layer and are given by:
where µ 1 is the permeability of the first layer, ε 2 is the permittivity of the second layer, and A is the overlapping area between the metallizations of the two layers in the unit cell of Fig. 8 . Using equations (3) and the further constraint 1/(2π √ LC) = 2.44 GHz, the design of the bi-layer HIGP is a straightforward matter. The . Return Loss as a function of frequency of the antenna depicted in Fig. 7a when backed by a HIS whose unit cell is depicted in Fig. 8 . For the geometrical parameters you may refer to the captions of Fig. 7 and Fig. 8 . As depicted in the inset, the HIGP is realized by a 5×12 double layer mushroom structure.
corresponding geometrical parameters are reported in the caption of Fig. 8 .
Results of the Optimized Antenna
Once the antenna and its HIGP have been designed independently to work at the desired frequency, the synthesis of the antenna module is not completed, but the following optimization technique should be performed.
• In the first iteration stage the PEGP is removed from the antenna of Fig. 7a and the radiating element is directly backed by the HIGP, whose unit cell is reported in Fig. 8 . The analysis in this case is time consuming, because we need to impose the boundary condition of the tangential electric field not only on the radiating patch and on the finite size ground plane, but also on all the metallic corrugations of the HIGP. The accurate MoM numerical analysis of the antenna now requires 13864 unknowns and around half an hour for the overall simulation of 30 frequency points on the same Pentium 4 as before. The resulting return loss at the input port has been reported in Fig. 9 . The result is that the operating frequency is shifted towards lower frequencies, while the matching features are degraded with respect to those reported in Fig. 7 . This result is in line with the theory presented in [12] , and shows again that the design of a patch antenna backed by a HIGP needs further consideration.
• The second step of the design consists in reducing the thickness of the antenna substrate to take advantage of using an HIGP near its resonance and, finally, in adjusting iteratively the geometrical dimensions of both the HIGP corrugations and the radiating element, so that a prescribed requirement is achieved. The constraint used here was a return loss less than −10 dB within the ISM frequency band. This iteration stage is not viable through a trial and error approach, because the time required for each MoM full-wave simulation is very long and the amount of the employed memory is very extensive. To overcome this limitation, a GA search has been integrated in the MoM code as in [13] , employing the following fitness function to be minimized:
where N f is the number of the simulated frequency points in the ISM band. Applying this optimization tool, the structure is simulated only once (i.e., at the first iteration, as reported in the previous point), while the next configurations, obtained varying the geometrical dimensions, do not need to be simulated again through an extensive MoM simulation (see [13] and references therein). The electrical and radiating features of the optimized antenna are reported in Figs. 10a-10e, together with the new geometrical dimensions of both the HIGP and the radiating element. The new antenna backed by the HIGP is smaller and thinner compared to the one depicted in Fig. 7 backed by a standard metallic ground plane. In addition, results in Fig. 10a and Fig. 10b show that both the matching features and the gain are improved with respect to a standard metallic backing. These results may be explained also using the theory reported in [25] , where it is pointed out that the new corrugated structure behaves mostly like an inductive surface, than an AMC. In line with [26] , this surface is able to reduce the near-field radiation, which is responsible of the reduced back-radiation, as reported in Fig. 10c , and of the reduced interference with possible other circuits residing nearby.
The two antennas here considered, one with the standard metallic ground plane (Fig. 7 ) and the other with the HIGP (Fig. 10) , have been simulated so far as if independent on the active circuit residing on the back layer of the structure. However, the measurements made on the realized prototype do not differ significantly from the results reported in Fig. 7 and in Fig. 10 , apart from the maximum broadside gain, which has been measured to be 18.6 dBi and 19.4 dBi, respectively, at the central operating frequency f RF = 2.44 GHz. 
CONCLUSIONS
An active integrated antenna for PCMCIA cards has been presented in this paper. The active antenna makes use of a VCO and has been realized through the SMD technology. The design of the active circuit has been conducted through AWR Microwave Office and has been mainly focused on the oscillator module. The experimental results have confirmed the effectiveness of the designed VCO in terms of both oscillation frequency versus the tuning voltage, and phase noise. The antenna element has been realized applying the HIGP technology to minimize the interactions with possible other microwave components residing nearby, in order to increase the antenna gain and to reduce the antenna size. All these goals have been achieved and the resulting measured broadside gain of the antenna has been found to be 19.4 dBi at the central operating frequency f RF = 2.44 GHz, maintaining the radiation pattern and the matching features compatible with a PCMCIA card operation.
